At abnormally elevated levels of intracellular Ca 2þ , mitochondrial Ca 2þ uptake may compromise mitochondrial electron transport activities and trigger membrane permeability changes that allow for release of cytochrome c and other mitochondrial apoptotic proteins into the cytosol. In this study, a clinically relevant canine cardiac arrest model was used to assess the effects of global cerebral ischemia and reperfusion on mitochondrial Ca 2þ uptake capacity, Ca 2þ uptake-mediated inhibition of respiration, and Ca 2þ -induced cytochrome c release, as measured in vitro in a K þ -based medium in the presence of Mg 2þ , ATP, and NADH-linked oxidizable substrates. Maximum Ca 2þ uptake by frontal cortex mitochondria was significantly lower following 10 min cardiac arrest compared to non-ischemic controls. Mitochondria from ischemic brains were also more sensitive to the respiratory inhibition associated with accumulation of large levels of Ca 2þ . Cytochrome c was released from brain mitochondria in vitro in a Ca 2þ -dosedependent manner and was more pronounced following both 10 min of ischemia alone and following 24 h reperfusion, in comparison to mitochondria from non-ischemic Shams. These effects of ischemia and reperfusion on brain mitochondria could compromise intracellular Ca 2þ homeostasis, decrease aerobic and increase anaerobic cerebral energy metabolism, and potentiate the cytochrome c-dependent induction of apoptosis, when re-oxygenated mitochondria are exposed to abnormally high levels of intracellular Ca 2þ .
a b s t r a c t
At abnormally elevated levels of intracellular Ca 2þ , mitochondrial Ca 2þ uptake may compromise mitochondrial electron transport activities and trigger membrane permeability changes that allow for release of cytochrome c and other mitochondrial apoptotic proteins into the cytosol. In this study, a clinically relevant canine cardiac arrest model was used to assess the effects of global cerebral ischemia and reperfusion on mitochondrial Ca 2þ uptake capacity, Ca 2þ uptake-mediated inhibition of respiration, and Ca 2þ -induced cytochrome c release, as measured in vitro in a K þ -based medium in the presence of Mg 2þ , ATP, and NADH-linked oxidizable substrates. Maximum Ca 2þ uptake by frontal cortex mitochondria was significantly lower following 10 min cardiac arrest compared to non-ischemic controls. Mitochondria from ischemic brains were also more sensitive to the respiratory inhibition associated with accumulation of large levels of Ca 2þ . Cytochrome c was released from brain mitochondria in vitro in a Ca 2þ -dosedependent manner and was more pronounced following both 10 min of ischemia alone and following 24 h reperfusion, in comparison to mitochondria from non-ischemic Shams. These effects of ischemia and reperfusion on brain mitochondria could compromise intracellular Ca 2þ homeostasis, decrease aerobic and increase anaerobic cerebral energy metabolism, and potentiate the cytochrome c-dependent induction of apoptosis, when re-oxygenated mitochondria are exposed to abnormally high levels of intracellular Ca 2þ .
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Introduction
Substantial evidence obtained from neuronal culture models of excitotoxicity indicates that mitochondria are a primary initial target of injury caused by the elevated influx of Ca 2þ that occurs following excessive activation of ionotropic receptors for excitatory amino acids, e.g., glutamate. Although respiration-dependent mitochondrial Ca 2þ accumulation plays a role in buffering cytosolic Ca 2þ levels during activation of these receptors (White and Reynolds, 1995; Wang and Thayer, 1996; Rueda et al., 2016) , excessive mitochondrial Ca 2þ sequestration can lead to either apoptosis or necrosis, depending on the extent of the excitotoxic insult (Dugan et al., 1995; Ankarcrona et al., 1995; Budd and Nicholls, 1996; Castilho et al., 1999; Niquet et al., 2006) . The mechanisms by which Ca 2þ -injured mitochondria lead to cell death include failure to maintain adequate levels of cellular ATP, generation of reactive oxygen species, and the release of mitochondrial proteins that can activate the cascade of events leading to apoptosis Cali et al., 2012; Perez-Pinzon et al., 2012; Polster and Fiskum, 2004) . Involvement of these mechanisms in neuronal death following cerebral ischemia and reperfusion is due to the extremely high levels of extracellular excitotoxic neurotransmitters and the supranormal levels of intracellular Ca 2þ that exist within a few minutes following the onset of complete ischemia (Silver and Erecinska, 1990) . The contribution of apoptosis to delayed neuronal death following cerebral ischemia is well established (Krajewska et al., 2004; Hagberg et al., 2009 ). Evidence obtained from a variety of in vitro and in vivo apoptotic cell death paradigms indicates that the release of cytochrome c from mitochondria into the cytosol is one mechanism by which the cascade of cell death proteases (caspases) is activated (Ow et al., 2008; Broughton et al., 2009) . Such activation leads to chromatin condensation, nucleosomal DNA fragmentation, and formation of apoptotic cell bodies. Loss of cytochrome c from mitochondria may also promote mitochondrial free radical production and the increase in the generation of reactive oxygen species that often accompanies the induction of apoptosis (Cai et al., 1998; Franklin, 2011) . Release of cytochrome c is inhibited by the anti-apoptosis gene product Bcl-2 (Kluck et al., 1997; Yang et al., 1997; Polster et al., 2001 ), which has also been shown to protect against ischemic and hypoxic neural cell apoptosis (Martinou et al., 1994; Chen et al., 1995; Krajewski et al., 1995; Myers et al., 1995; DeVries et al., 2001) , and to protect neural cell mitochondria against both Ca 2þ and oxidative stress-mediated respiratory injury (Murphy et al., 1996a (Murphy et al., , 1996b Kowaltowski and Fiskum, 2005) . Cytochrome c is a 12.5 kDa component of the mitochondrial electron transport chain that is normally entrapped between the inner and outer mitochondrial membranes and interacts loosely with other electron transport components in the inner membrane through electrostatic interactions (Matlib and O'Brien, 1976; Cortese et al., 1995) . However, when mitochondria are exposed in vitro to conditions that result in osmotic swelling and an increase in the matrix volume, cytochrome c can be released into the surrounding milieu due to rupture of the outer membrane (Chappell and Crofts, 1965) . Release of cytochrome c and other proteins by this mechanism under conditions that include the presence of exogenous Ca 2þ has been interpreted to be due to high amplitude swelling due to activation of a mitochondrial inner membrane permeability transition pore (PTP) (Pfeiffer et al., 1995; Kantrow and Piantadosi, 1997; Yang and Cortopassi, 1998; Ye et al., 2016; Gustafsson and Gottlieb, 2008) . Several laboratories have proposed that the opening of this pore is a critical event in precipitating the release of cytochrome c associated with the induction of apoptosis (Kroemer et al., 1997; Pastorino et al., 1998; Scarlett and Murphy, 1997; Bradham et al., 1998) . However, observations made with both cells and isolated brain mitochondria incubated under physiologically realistic conditions suggest that release of cytochrome c can also occur by a more specific increase in permeability of the mitochondrial outer membrane that does not necessitate swelling and membrane disruption (Vander Heiden et al., 1997 , Bossy-Wetzel et al., 1998 Andreyev et al., 1998; Andreyev and Fiskum, 1999; Zhuang et al., 1998; Polster et al., 2001) . Although mitochondria from different animal cells and tissues share many common biochemical characteristics, different types of mitochondria deviate in the amount of Ca 2þ they can actively accumulate and differ in their sensitivity to Ca 2þ -induced functional alterations (Fiskum and Cockrell, 1985; Murphy et al., 1990; Andreyev and Fiskum, 1999; Toman and Fiskum, 2011) . The vulnerability to Ca 2þ -induced mitochondrial injury may also depend on the structural and functional integrity of the mitochondria. Brain mitochondria are highly sensitive to respiratory dysfunction and membrane lipid alterations caused by ischemia and reperfusion Wang and Michaelis, 2010) , although the effects of these alterations on the responses of mitochondria to elevated levels of ambient Ca 2þ has not been adequately addressed. As neuronal mitochondria are exposed to excessively high levels of cytosolic Ca 2þ following even brief periods of cerebral ischemia (Silver and Erecinska, 1990) , it is quite possible that accumulation of abnormal Ca 2þ levels by functionally impaired mitochondria during reperfusion could result in further impairment in cerebral energy metabolism, release of cytochrome c, and elevated production of reactive oxygen species. The primary objective of the present study was to determine if a relatively short period of global cerebral ischemia in the absence or presence of a prolonged period of reperfusion compromises the ability of brain mitochondria to buffer extramitochondrial Ca 2þ under physiologically relevant conditions. Another objective was to determine whether cerebral ischemia, plus or minus reperfusion, alters the vulnerability of mitochondria to Ca 2þ induced changes, e.g., respiration and cytochrome c release, that could promote necrotic or apoptotic cell death.
Materials and methods

Canine cardiac arrest model of global cerebral ischemia and reperfusion
A well-established canine ventricular fibrillation cardiac arrest and resuscitation model was used in this study (Vaagenes et al., 1984; Rosenthal et al., 1987) . All animal experiments were conducted in accordance with guidelines established by the Institutional Animal Care and Use Committee of the George Washington University School of Medicine, where all experiments were conducted. Adult female beagles weighing 10e15 kg were initially anesthetized with intravenous sodium thiamylal (17.6 mg/kg). Soon thereafter, intravenous chloralose at 37.5 mg/ml was administered and a second dose was given 30 min later. For animals that were used for 24 h experiments, hourly boluses of intravenous morphine sulfate (0.1 mg/kg) were given. Also, antibiotic prophylaxis was provided with 250 mg intravenous ceftriaxone. All animals were intubated, ventilated with 21% O 2 , and subjected to a left lateral thoracotomy. In this study, 3 groups were used: Sham operated, non-ischemic controls; animals experiencing 10 min cardiac arrest in the absence of resuscitation and; animals that underwent 10 min cardiac arrest, resuscitation, and 24 h of reperfusion under constant critical care. One key variable in this model is the resuscitative ventilatory O 2 concentration used following the 10 min electrically induced cardiac arrest (Liu et al., 1998; Balan et al., 2006) . In this study 100% O 2 was used during 3 min of open-chest manual cardiac massage and following cardiac defibrillation. Approximately 5 min later, when the first arterial blood gas determination was obtained, the ventilatory O 2 setting was adjusted and then continuously controlled throughout the 24 h period of reperfusion to maintain arterial pO 2 in the normal range of 80 and 120 mm Hg. At the end of each experimental period, a craniotomy was performed and 1e2 g of right frontal cortex was excised and immersed within 5 s in icecold mitochondrial isolation buffer. The right cerebral hemisphere was then removed, the hippocampus and striatum excised and placed in mitochondrial isolation buffer within 30 s of the hemispherectomy. Animals were then euthanized by intra-arterial administration of a pentobarbital-based euthanasia solution.
Isolation of brain mitochondria
Brain mitochondria from canine frontal cortex, hippocampus, and striatum were isolated according to a procedure that yields both synaptic and non-synaptic mitochondria (Demarest et al., 2016) . Brain tissue samples were placed in ice-cold mitochondrial isolation medium containing 225 mM mannitol, 75 mM sucrose, 5 mM Hepes-KOH, 1 mg/ml fatty acid-free bovine serum albumin (BSA), and 1 mM EGTA (pH 7.4). Samples were homogenized with a teflon tissue grinder pestle and then centrifuged at 1300 Â G for 3 min, resulting in a pellet containing nuclei and tissue debri. The supernatant was centrifuged at 22,000 Â G for 8 min, yielding a pellet containing primarily "free", non-synaptic mitochondria plus synaptic nerve endings (synaptosomes). The pellet was resuspended in isolation medium containing 0.02% digitonin. Digitonin is a steroid glycoside that binds to and forms micelles with cholesterol and cholesterol esters. Digitonin at this very low concentration selectively permeabilizes membranes that contain relatively high levels of cholesterol. Since synaptosomes have high cholesterol, exposure to digitonin releases mitochondria from the synaptic nerve endings without permeabilizing mitochondrial inner or outer membranes. Following 2 min of suspension in the digitonin-containing solution, the suspension was centrifuged again at 22,000 Â G for 8 min. A small fraction of the pellet termed the "fluffy layer" was carefully aspirated off the top of the pellet. The pellet was again resuspended in isolation medium not containing digitonin and centrifuged at 22,000 Â G for 8 min in a microcentrifuge. The resulting pellet was resuspended in a minimum volume of buffer containing 225 mM mannitol, 75 mM sucrose, 5 mM HEPES-KOH (pH 7.4), and 1 mg/ml fatty acid free BSA to a protein concentration of approximately 30 mg ml
À1
, as determined by a modified biuret reaction with BSA as a standard (Skarkowska and Klingenberg, 1963) .
Mitochondrial incubations
Unless stated otherwise, mitochondria were incubated at 37 C for 10 min in medium containing 125 mM KCl, 2 mM K 2 HPO 4 , 5 mM HEPES-KOH, 5 mM glutamate, 5 mM malate, 3 mM ATP and 4 mM MgCl 2 (pH 7.0). When mitochondria were exposed to exogenous Ca 2þ , one or more additions of CaCl 2 were made starting 1e2 min following the addition of mitochondria to the media. For measurements of the release of mitochondrial cytochrome c, a 1 ml aliquot of the 2 ml suspension was removed following 10 min of incubation and centrifuged at 13,000 Â G for 3 min in a microcentrifuge. A 0.75 ml aliquot of supernatant was carefully removed, supplemented with 30 ml of Protease Inhibitor Cocktail, frozen on dry ice and stored at À70 C. The pellet was resuspended to the initial 1 ml volume with experimental medium containing protease inhibitors but not oxidizable substrates, ATP or MgCl 2 , and then rapidly frozen and stored at À70 C.
Mitochondrial calcium transport
Calcium fluxes were measured by monitoring the medium free Ca 2þ concentration of the 2 ml mitochondrial suspension (0.5 mg protein ml À1 ) with the fluorescent indicator Calcium Green 5N (0.1 mM), using excitation and emission wavelengths of 506 and 513 nm, respectively. Fluorescence was continually monitored with a Hitachi F-2500 spectrofluorometer equipped with a temperatureregulated cuvette holder (37 C) and magnetic stirring. The maximum Ca 2þ uptake capacity was defined as the sum of the Ca 2þ additions that were completely accumulated.
Mitochondrial respiration
Mitochondrial oxygen consumption was measured polarographically with a Clark-type electrode in a 0.6 ml closed chamber with magnetic stirrer (Yellow Springs Instruments Co.) at a thermostatically controlled temperature of 37 C. The solubility of oxygen was taken to be 195 mM at 37 C. The mitochondrial protein concentration of 0.5 mg ml À1 was used for the assay using 5 mM glutamate and 5 mM malate as substrates. State 3 respiration was measured after addition of 0.4 mM ADP to the same incubation medium that was used for the Ca 2þ uptake measurements.
Western immunoblot measurements of cytochrome c
Frozen mitochondrial samples were thawed on ice and 16 ml aliquots (diluted to 0.1 mg mitochondrial protein ml À1 ) were run on to 4e20% Tris-Glycine gradient gels under denaturing and reducing conditions. Horse heart cytochrome c was used as a standard and Rainbow Marker was used as molecular weight standard. SDS-PAGE was performed in a Novex chamber at constant current (20 mA per gel) in a cold room until the dye front reached the bottom of the gel. Proteins were electro-transferred to PVDF membranes using a Novex blot module at constant voltage (30 V) for 1.5 h until the transfer of rainbow marker was complete. Gels were coomassi stained to ensure complete transfer of proteins. Membranes were rinsed with tris-buffered saline buffer containing 0.1% Tween-20 (TBS-T) and blocked overnight in TBS-T supplemented with 10% dry milk at 4 C. Immunodetection of cytochrome c was performed using 7H8 mouse anti-cytochrome c antibody (PharMingen) as primary antibody (1:2000 dilution) and sheep anti-mouse IgG bound to horseradish peroxidase (Amersham) as secondary antibody (1:2000 dilution). After thorough washing of the membrane with TBS-T, peroxidase activity was detected using Enhanced Chemiluminescence detection kit (Amersham). X-ray film was exposed for different periods obtain band intensities in a range that was determined with purified cytochrome c to be linearly related to the amount of protein.
Typically, the antibodies used demonstrated negligible cross-reactivity with either Rainbow marker or mitochondrial bands other than the 12.5 kDa band (cytochrome c). Band intensities were analyzed densitometrically using Storm Imager System (Molecular Dynamics) or GelExpert system (NucleoTech).
Reagents and materials
Pre-cast gradient gels and PVDF membrane-filter paper sandwiches were from Novex; X-OMAT AR film was from Kodak; Rainbow Marker was from Amersham; mannitol, sucrose, EGTA, MgCl 2 , ATP, ADP, defatted BSA, cytochrome c, oligomycin, Triton and Protease Inhibitor Cocktail were purchased from Sigma. KCl, KOH, HCl, MgSO 4 , HEPES and Tris were from Fisher Scientific. Calcium Green 5N was purchased from Molecular Probes.
Data analysis
One-way ANOVA and the Duncan's method for multiple pairwise comparisons were used for comparisons of results obtained for three animal groups. The number of animals used in each group (n ¼ 4) was purposely kept to the minimum necessary for statistical analyses due to the use of dogs in this clinically realistic animal model of cardiac arrest and resuscitation.
Results
Calcium uptake by brain mitochondria following cardiac arrest and resuscitation
Brain mitochondria have a very limited ability to accumulate calcium ions in the absence of exogenous adenine nucleotides and (or) Mg 2þ (Tjioe et al., 1970; Rottenberg and Marbach, 1989) . Fig. 1A describes the changes in the medium free Ca 2þ that occurred when canine cortex mitochondria isolated from a non-ischemic animal were exposed to multiple additions of The maximum calcium uptake capacity by brain mitochondria following 10 min cardiac arrest in the absence or presence of 24 h reperfusion was determined in the presence of both ATP and Mg 2þ .
The mean calcium uptake capacity ± s.e. for mitochondrial preparations from the frontal cortex, hippocampus and striatum from n ¼ 4 non-ischemic control animals, and from animals subjected to ischemia alone (n ¼ 4) or ischemia plus 24 h reperfusion (n ¼ 4) are presented in Fig. 2 . The Ca 2þ uptake capacities for mitochondria isolated from the different brain regions were similar, ranging from approximately 2.0e2.5 mmol mg À1 protein. Ten min cardiac arrestinduced global cerebral ischemia resulted in a significant reduction in the uptake capacity for all three brain regions compared to respective control mitochondria (p < 0.05 using one-way ANOVA and the Duncan's method for multiple pairwise comparisons). The uptake capacity following 10 min ischemia alone was reduced by 38%, 28%, and 55% for mitochondrial isolated from frontal cortex, striatum, and hippocampus, respectively. The uptake capacity for hippocampal mitochondria after ischemia alone was also significantly lower than that observed with cortical and striatal mitochondria (p < 0.05). Following 24 h reperfusion, the mitochondrial Ca 2þ uptake capacities for mitochondria from all three brain regions recovered and were not significantly different from those for non-ischemic animals but were significantly higher than those for the mitochondria following ischemia alone.
Mitochondrial Ca 2þ uptake-induced respiratory inhibition
Fig. 1B indicates that the rate at which Ca 2þ is accumulated by brain mitochondria declines as the maximal Ca 2þ uptake capacity is approached. Since at the high Ca 2þ concentrations used in these experiments the rate of Ca 2þ uptake is limited by the rate of respiration-dependent proton efflux (Fiskum et al., 1979) , we performed preliminary experiments to determine if the rate of O 2 consumption also falls off under these conditions. We also compared the effects of Ca 2þ on resting respiration (State 2) and maximal, ADP-stimulated oxidative phosphorylation (State 3 respiration) by mitochondria from a non-ischemic control brain to those of brain mitochondria following 10 min of cardiac arrest. As shown in Fig. 2 . Effects of ischemia and reperfusion on calcium uptake capacities of mitochondria isolated from cerebral cortex, striatum and hippocampus. The mean calcium uptake capacities ± s.e. for mitochondria isolated from; A. cerebral cortex, B. striatum, and C. hippocampus were measured using tissue obtained from nonischemic controls, animals that underwent 10 min cardiac arrest alone, and animals that underwent 10 min cardiac arrest followed by 24 h reperfusion. Measurements were performed at 37 C in the presence of the respiratory substrates glutamate and malate and both ATP and Mg 2þ , as shown in Fig. 1B , severe respiratory inhibition and uncoupling was observed with frontal cortex mitochondria from both non-ischemic and ischemic brains. As observed with the Ca 2þ uptake measurements, the presence of cyclosporin A had no effect on Ca 2þ -induced respiratory alterations (not shown).
Cytochrome c release from normal, ischemic, and ischemic/ reperfused brain mitochondria
Excessive mitochondrial uptake of Ca 2þ is one of several proposed mechanisms responsible for the release of mitochondrial cytochrome c into the cytoplasm where it can trigger caspasedependent apoptosis (Smaili et al., 2000) . Since cytochrome c is also a required component of the electron transport chain, its' release into the cytosol could be responsible for impaired respiration and metabolic failure, leading to necrotic cell death. We measured the release of cytochrome c from brain mitochondria in vitro in the same experimental media containing Mg 2þ and ATP used for Ca 2þ uptake and O 2 consumption measurements. At the end of 10 min incubation at 37 in the absence and presence of a single addition of Ca 2þ , the suspensions were rapidly centrifuged in a microcentrifuge and the supernatant and pellet fractions processed for immunoblot measurements of cytochrome c (see Methods). Fig. 3 provides an example of these immunoblots, demonstrating a Ca 2þ -dose dependent release of cytochrome c from the frontal cortex of non-ischemic and 10 min cardiac arrest animals. A summary of the densitometric quantification of cytochrome c immunoblots for incubations using frontal cortex mitochondria from n ¼ 4 normal, ischemic and 24 h reperfused animals is provided in Fig. 4 . There was no significant difference in the average spontaneous cytochrome c release that occurred in the absence of added Ca 2þ for mitochondria from the three experimental groups.
The presence of 2.1 mmol Ca 2þ mg À1 protein resulted in a significant increase in cytochrome c release for all groups (p < 0.001) using one-way repeated measures ANOVA and the Student-NewmanKeuls Duncan's method for multiple pairwise comparisons. At this level of Ca 2þ
, there was also a significant increase in cytochrome c release for mitochondria from both ischemic and ischemia plus 24 h reperfusion groups compared to non-ischemic controls (p < 0.05). Measurements were also made of the cytochrome c present in the pellets following centrifugation of the mitochondrial incubations. When values for supernatants and pellets were compared, it was determined that the maximal cytochrome c released at 2.1 mmol Ca 2þ mg À1 protein during these incubations was 48.5 ± 2.7% of total mitochondrial cytochrome c present in mitochondria from the reperfusion animal group. Qualitatively similar Ca 2þ -dependent cytochrome c release was also observed with canine brain mitochondria isolated from the hippocampus and striatum (not shown). The addition of cyclosporin A to the incubation media had no effect on cytochrome c release (not shown).
Discussion
Although isolated brain mitochondria have a very limited capacity for respiration-dependent Ca 2þ uptake and retention in the absence of ATP and Mg 2þ (Fig. 1A) , in the presence of these agents and NAD-linked oxidizable substrates, mitochondria isolated from non-ischemic brains can accumulate over 2 mmol Ca 2þ mg À1 protein (Fig. 2) . Although at this juncture there is no comparable , several lines of evidence obtained in vitro indicate that Ca 2þ uptake by neuronal mitochondria is important in buffering elevations in cytosolic Ca 2þ generated through the binding of the excitatory neurotransmitter glutamate to its receptors; however, excessive uptake can also result in mitochondrial injury and cell death in the presence of excitotoxic levels of glutamate or glutamate agonists (Ankarcrona et al., 1995; Reynolds and Hastings, 1995; Dugan et al., 1995; White and Reynolds, 1996; Budd and Nicholls, 1996; Castilho et al., 1999; Laird et al., 2013) . Following only 5e10 min of cerebral ischemia, neuronal cytosolic Ca 2þ concentrations can exceed 30 mM (Silver and Erecinska, 1990) . Therefore, neuronal mitochondria are exposed to supranormal Ca 2þ concentrations during post ischemic reperfusion as well as during other related situations when there is pathologic excitotoxic stimulation, e.g., seizure activity. Previous results obtained with isolated rat brain mitochondria indicate that mitochondrial Ca 2þ influx can be impaired following prolonged decapitation ischemia (Sciamanna et al., 1992) . Our new observation that the capacity for Ca 2þ accumulation by brain mitochondria in the presence of physiologically realistic concentrations of Mg 2þ , ATP, etc. is substantially reduced (Fig. 2) and that sensitivity to Ca 2þ -induced respiratory inhibition is exacerbated following 10 min of normothermic cardiac arrest supports the hypothesis that ischemic mitochondrial alterations promote further reperfusiondependent modifications that contribute to the pathogenesis of neuronal cell death and neurological impairment. Studies are in progress to determine the additional effects of ischemia-relevant factors, e.g., acidic pH, on the ability of mitochondria from normal and injured brains to accumulate Ca 2þ . In addition to the observations of the effects of cerebral ischemia and reperfusion on mitochondrial Ca 2þ uptake capacity and respiration, this study is the first to document the effects of in vivo global cerebral ischemia and reperfusion on the sensitivity of brain mitochondria to Ca 2þ -induced release of the apoptogenic factor cytochrome c (Figs. 3 and 4 ). However, a qualitatively similar increase in sensitivity to Ca 2þ was observed in vitro following exposure of isolated brain mitochondria to hypoxia/reoxygenation (Schild and Reiser, 2005) . The potential relevance of this phenomenon is underscored by the demonstrations of cytochrome c release into the cytosol of brain cells in vivo following both focal and global cerebral ischemia (Fujimura et al., 1998; Perez-Pinzon et al., 1999) . It is particularly noteworthy that unlike the normal Ca 2þ uptake and respiratory characteristics exhibited by brain mitochondria isolated following 24 h reperfusion (Fig. 2) , mitochondria from 24 h reperfused animals demonstrated a significantly enhanced sensitivity to cytochrome c release by exposure to high levels of ambient Ca 2þ in vitro. These observations suggest that the mechanism of enhancement of Ca 2þ -induced cytochrome c release caused by ischemia and reperfusion is at least somewhat different than the mechanism of altered handling of Ca 2þ observed following ischemia alone. The elevated Ca 2þ -induced cytochrome c release observed with brain mitochondria at 24 h could, for example, be connected with increased translocation of the pro-apoptotic Bax peptide from the cytosol to mitochondria, which has been observed in at least one other global cerebral ischemia study (Han et al., 2011) . We previously reported an increase in Bax immunoreactivity in canine hippocampal homogenates at 24 h of reperfusion (Krajewska et al., 2004) ; however, we did not measure Bax levels in the cortical mitochondria used in the cytochrome c release measurements. Bax can oligomerize and form megapores in the outer membrane, resulting in Ca 2þ -independent release of cytochrome c (Polster et al., 2001) . In addition, Bax may interact with specific mitochondrial proteins, e.g., the voltage dependent anion channel (VDAC), thereby promoting Ca 2þ -dependent PTP opening (Morin et al., 2009; Karch et al., 2013; Whelan et al., 2012) . While the potential reperfusion-dependent elevation of mitochondrial Bax Fig. 4 . Comparison of cytochrome c released from normal, ischemic, and ischemia/reperfused brains following incubation in the absence or presence of added calcium. Brain mitochondria were isolated from non-ischemic animals and from animals after 10 min cardiac arrest alone (n ¼ 4/group). Mitochondria were suspended in respiratory medium in the absence or presence of 2.1 mmol Ca 2þ mg À1 protein. Release of cytochrome c was measured as described in Fig. 3 . * Cytochrome c release was significantly greater in the presence of Ca 2þ for all 3 animal groups in comparison to the absence of added Ca 2þ (p < 0.001). # In the presence of Ca 2þ , cytochrome c release was significantly greater for mitochondria from ischemia or ischemia/reperfusion in comparison to release for non-ischemic, control brain mitochondria.
A. Andreyev et al. / Neurochemistry International 117 (2018) 15e22 could explain the relatively high degree to which cytochrome c is released by Ca 2þ from brain mitochondria from 24 h reperfused animals, this hypothesis is apparently inconsistent with the fact that the Ca 2þ uptake capacity of these mitochondria are greater than the mitochondria isolated following ischemia alone and are not different than the Ca 2þ capacity of non-ischemic brain mitochondria (Fig. 2) . Another explanation is that the fraction of cytochrome c that is Ca 2þ -releasable may increase following cerebral ischemia/reperfusion. Most of cytochrome c is located deep within the inner membrane cristae and therefore not near the outer membrane. Evidence indicates that cristae restructuring occurs early during mitochondrial apoptosis, thereby increasing the level of cytochrome c that can be released either indirectly by PTP opening or directly by Bax or Bak outer membrane megapore formation (Karch et al., 2013; Scorrano et al., 2002) . The Optic Atrophy 1 (OPA1) mitochondrial inner membrane protein is necessary for maintaining normal cristae structure and cytochrome c localization (Frezza et al., 2006) . The fact that OPA1 is proteolytically degraded in a rat model of cerebral ischemia reperfusion could also help explain why Ca 2þ -induced cytochrome c release is high in mitochondria 24 h after cardiac arrest and resuscitation (Baburamani et al., 2015) .
Increasing evidence supports the involvement of both mitochondrial sequestration and cytochrome c release in the pathogenesis of both acute ischemic and traumatic neurologic injury and chronic neurodegeneration Cali et al., 2012; Perez-Pinzon et al., 2012; Polster and Fiskum, 2004) . Further elucidation of the mechanisms responsible for Ca 2þ -induced mitochondrial dysfunction and cytochrome c release will be important in developing interventions directed at the early events responsible for both necrotic and apoptotic neuronal death.
